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a  b  s  t  r  a  c  t
Ablation is an erosive phenomenon with removal of material by a combination of
thermo-mechanical, thermo-chemical, and thermo-physical factors with high temperature,
pressure, and velocity of combustion ﬂame. Materials with outstanding thermo-mechanical
and  thermo-chemical properties are required for future high-temperature components.
C/SiC is a kind of great potential high-temperature structural material in aeronautics and
astronautics with low speciﬁc weight, high speciﬁc strength, good thermal stability, oxida-
tion  resistance and excellent resistance to ablation. In this paper, the ablation phenomenon
and  mechanisms were summarized adequately. The ablated surface of C/SiC composites
could  be divided into three regions from center to external. In general, the higher the den-
sity,  the lower the ablation rate; the lower the ablation temperature and less time, the lower
the  ablation rate, and the preparation methods also had a great inﬂuence on the ablation
property. Thermo-physical and thermo-mechanical attacks were the main ablation behav-
ior  in the center region; oxidation was the main ablation behavior in the transition region
and  the border oxidation region.©  2015 Brazilian Metallurgical, Materials and Mining Association. Published by ElsevierYang Wang is Chinese, was born in 1989.
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.  Introduction
aterials are the base for technology and advanced technol-
gy also requires advanced materials. Ablation is an erosive
henomenon with the removal of material by a combination of
hermo-mechanical, thermo-chemical, and thermo-physical
actors with high temperature, pressure, and velocity of com-
ustion ﬂame. The effect of ﬁre on organic matrix composites
as been widely discussed [1–10]. For organic matrix com-
osites, the decomposition temperature is low, and when a
ritical combination of surface temperature and decomposi-
ion rate has been reached, ﬂashover occurs, with combustion
f volatiles. At the same time, heat is conducted inward from
he hot face, and a region of material decomposing progresses
hrough the thickness producing further decomposition prod-
cts, which demonstrate obviously that the organic matrix
omposites cannot be used in high-temperature environment.
aterials with outstanding thermo-mechanical and thermo-
hemical properties are required for future high-temperature
omponents, such as hypersonic space vehicle re-entry, com-
ustion chamber of engine and rocket nozzles, in which
he metal material cannot meet the requirements. However,
eramic matrix composite is one of these advanced mate-
ials, as a result of their low density, excellent resistance
o ablation as well as cost effective production [11–13]. Cur-
ent operating temperature in various applications are shown
n Fig. 1 together with the melting temperatures of selected
aterials [14].
Silicon carbide matrix composite reinforced by continuous
arbon ﬁbers (C/SiC) is a kind of great potential high-
emperature structural material in aeronautics and astronau-
ics with low speciﬁc weight, high speciﬁc strength, high
peciﬁc modulus, good thermal stability, oxidation resistance
nd excellent resistance to ablation [15]; it has better oxidation
esistance than C/C and better high-temperature performance
han SiC/SiC. For instantaneous lifetime (tens of seconds to
everal hundred seconds) of solid rocket engine, the operating
emperature of C/SiC can reach 2800–3000 ◦C; for ﬁnite lifetime
tens of minutes to dozens of hours) of liquid rocket engine,
he operating temperature of C/SiC can reach 2000–2200 ◦C;
or long lifetime (hundreds of hours to thousands of hours)
ircraft engine, the operating temperature of C/SiC is 1650 ◦C.The evolution of the morphology and microstructure of C/SiC
composites during ablation is required to evaluate the aero-
dynamic conﬁguration of the components and the service
life of the ablation resistance. The common texting meth-
ods are oxyacetylene ﬂame ablation, plasma arc ablation, and
kerosene–liquid oxygen ﬂame ablation. Oxyacetylene ﬂame
ablation method is the simplest and easiest to conduct with
the lowest cost. Oxyacetylene ﬂame testing was often used
to simulate the rocket engine exhaust ﬂame [16]. Chen et al.
[17–21] had studied the morphology and microstructure of
C/SiC composites ablated by oxyacetylene at different tem-
peratures. Fang et al. [22] had compared the ablation property
of C/SiC composites in dry air and air mixed with water
vapor.
C/C composites are limited in their industrial applications
due to their high sensitivity to oxidative environments which
are oxidizable above 400–500 ◦C. However, C/SiC composites
can be used in high-temperature oxidation environment,
which has excellent resistance ablation performance. In high-
temperature environment, SiC matrix surface would produce
a highly viscous melt SiO2 layer, which would cover the
burned surface, working as an anti-oxidizing protective bar-
rier. The melt layer also continues to adsorb a signiﬁcant
amount of heat by virtue of endothermic processes and due
to the phase transitions of silica [23]. In the last several
years, SiC doped carbon/carbon (C/C) composites for the pur-
pose of improving the oxidation/ablation resistance had been
largely reported. Among these works, various methods had
been attempted including precursor inﬁltrations and pyrol-
ysis (PIP) [24], chemical vapor inﬁltration (CVI) [25], slurry
inﬁltration [26,27], reactive melt inﬁltration (RMI) [28–31] and
so on. Furthermore, ablation behaviors at ultra-high tem-
perature of doping with refractory metal compounds (such
as ZrC, HfC, TaC, ZrB2) also attracted attention increasingly
[32–36].
In this paper, different ablation properties and micro-
structures of C/SiC composites were reviewed thoroughly; in
the meantime, the ablation mechanisms were summarized
and ablation physical models were also put forward.
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Table 1 – Comparison of the ablation property of C/SiC composites under different situations.
No. Fabrication Density
(g/cm3)
Open
porosity (%)
T  (◦C) t (s) Gas press (MPa) Gas ﬂux (L/h) Linear
ablation rate
(mm/s)
Mass ablation
rate (mg s−1)
Ref.
O2 C2H2 O2 C2H2
1 PIP 2.00 4.4 2900 180 0.1 0.5 1656 1296 0.0025 – [18]
2 PIP 1.93 <11 2100 30 0.4 0.095 1512 1116 0.0622 42.5 [24]
2050 0.4 0.095 800 400 0.0466 8.7
3 PIP 1.95 9 3000 80 0.4 0.095 1512 1116 0.061 7.16 [36]
4 CVI – – 1760/1740 600 0.45 0.09 248 148 – 2.05/0.55 [22]
5 CVI 2.37 10 >3000 – 0.4 0.095 1512 1116 0.083 – [40]
6 CVI 2.00 12 – 20 0.4 0.095 1512 1116 0.042 10.3 [41]
7 LSI
2.87  2.80 0.005 17.3
2.41 0.92 3100 20 – – 0.003 11.3 [42]
0.002 7.3
Outer
Centre 1 mm
Middle
Fig. 3 – SEM photograph of the as-ablated C/SiC composites
[20].2.12 0.81 
2.  Ablation  property  and  macromorphology
of  C/SiC  composites
The ablation property and morphology of the C/SiC com-
posites depend upon the mass transfer process, which are
generally associated with complex thermal physico-chemical
changes, heat-mass transfer processes and irreversible
changes of thermo-mechanical and thermo-physical proper-
ties. Table 1 has listed the different ablation property of C/SiC
composites under different situations. It can be seen that the
ablation rates on the list were with obvious difference. The
linear ablation rates of No. 7 samples in Table 1 were stri-
kingly lower than the others, which might be the cause of
the lowest open porosity. At the same time, the linear abla-
tion rate decreased with decreasing open porosity obviously.
Doubtlessly, the lower the porosity, the less the channels
of thermal oxidizing components went into the interior of
matrix. So, the ablation could only occur at the surface of the
material, which reduced the linear ablation rate. However, due
to the different doping carbon content in the No. 7 samples, it
led to the decrease of density and porosity. Fig. 2 has shown
the relationship between density and linear ablation rate of
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Fig. 2 – Relationship between density and linear ablation
rate of C/SiC composites [37].Fig. 4 – Photograph of the obtained C/SiC composites [36].
C/SiC composites [37]. It pointed out that the linear ablation
rate decreased with increasing density of C/SiC composites.
Fang et al. [20] showed the ablated surface of C/SiC com-
posites prepared by LPCVI, which could be divided into three
regions from center to external after oxyacetylene torch test-
ing (Fig. 3). Yan et al. [36] also reported this discovery as
shown in Fig. 4. Three obvious regions were shown after
j m a t e r r e s t e c h n o l . 2 
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F
abtained composites.
0 oxyacetylene torch testing. Fig. 5 is the schematic drawings
f the ablated surface of the obtained C/SiC composites, were
 represented center ablation region, B represented transition
rosion region and C represented border oxidation region. As
hown in Fig. 4, a big pit (denoted as zone A in Fig. 5) without
overing of any oxide layer appeared in the center of the C/SiC
omposite. A circle of glass-like layer covered the edge of the
blated pit despite falling off of some parts (denoted as zone
 in Fig. 5); while the outer region with covering of frost-like
xide products remains nearly untouched (denoted as zone
 in Fig. 5). It was reported the linear and mass ablation rates
ere 0.061 ± 0.003 mm/s  and 1.46 ± 0.05 mg/cm2 s, respectively
fter oxyacetylene torch testing [36]. However, Chen et al. [18]
ad shown that the linear ablation rate of the center region
as only 0.0025 mm/s, which was the No.1 in Table 1 and
he center ablation region was covered by turbostratic car-
on (TC) as shown in Fig. 6. That was because the excess of
he acetylene over oxygen in the premixed gases produced
educed ﬂames, which led to the pyrolysis of the acetylene to
ig. 6 – (a) Photograph of the as-ablated sample; (b) scanning ele
blation region [18].0 1 6;5(2):170–182 173
hydrogen and free carbon. Acetylene obeyed the following
pyrolysis reaction [38,39]:
C2H2(g) = 2C(s) + H2(g) (1)
The free carbon particles moved along the high-velocity
combustion oxyacetylene gas diffusing into the body of the
sample and deposited on the surface of the center ablation
region to form TC coating (Fig. 6(b)). So, the linear ablation
rate is signiﬁcantly lower than the linear ablation rate. This
phenomenon was also reported by Yan et al. [36]. Moreover,
the morphology of the composites was still divided into three
regions after ablation (Fig. 6(a)).
In addition, some coatings, such as ZrC and SiC, would
greatly improve the ablation resistance of C/SiC composites
[40,41]. Wu et al. [40] had studied the ZrC coating prepared
on the surface of SiC-coated C/C composites to improve
ablation resistance of SiC-coated C/C composites. After abla-
tion for 30 s in oxyacetylene ﬂame, the linear ablation rate
was only 0.9 × 10−3 mm/s, and the weight was increased by
2.0 × 10−3 g/s. The excellent ablation resistance was mainly
attributed to the formation of a dense and continuous ZrO2
layer from the oxidation of the ZrC coating working as thermal
barrier, and thus reducing the diffusion of oxygen.
In the oxyacetylene condition, ablation of the coating gen-
erally consists of three parts. They were thermo-mechanical,
thermo-chemical, and thermo-physical processes resulting
from high temperature, pressure, and velocity of com-
bustion ﬂame. During the ablation process, the reactions
ZrC + O2 → ZrO2 + CO/CO2 would occur and produce ZrO2,
which increased the weight of specimen and formed a liq-
uid ZrO2 layer in the ablation central region. The liquid ZrO2
layer acted as a thermal barrier and reduced the diffusion of
oxygen. However, the partial ZrO2 layer in the ablation central
region could be carried away by the combustion ﬂame with
high velocity, following the drop of thickness of the coating.
To sum up, the ablated surface of C/SiC composites can be
divided into three regions from center to external, i.e. center
ablation region, transition erosion region and border oxidationmass ablation rates of the C/SiC composites with the prepa-
ration methods, the density and open porosity, the ablation
temperature, ablation time and the gaseous ﬂow. As shown
ctron micrographs of turbostratic carbon (TC) in the center
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Table 2 – Reactions might take place in different regions [26,42,43].
   Sub limati on  and    oxidati on    of  carbon   
C(s) = C(g)  (273-3823 K)                                                                  (2)  
2C( s) +  O2(g) =  2CO(g)    (273–33 00 K)                                                                                                  (3)     
C(s) + O2(g) = CO2(g)  (273–3300 K)                                                         (4)  
4C(s) + O2(g) = 2C2O(g)  (273–3300 K)                                                       (5)  
C(s) + O2(g) = C3O2(g)  (273–3300 K)                                                        (6)   
C(s) +  H2O(l) =  CO(g) + H2(g)    (273–373 K)                 
                                           (7)  
C(s) +  H2O(g) =  CO(g) + H2(g)    (373–3300 K)                                                                                 
 Sublimation,  oxidation  and  catalytic  oxidation  of  silicon  carbide  
SiC(s)  = SiC (g)    (273–3300 K)                                                                                                         (8)     
SiC( g) = Si(g) + C( s)    (3103–3300  K)                                                                                                       (9)    
SiC( g) + C( s) = SiC2(g)    (3103–33 00 K)                                                                                                (10 )    
SiC(g) + Si(g) = Si2C(g)  (3103–3300 K)                                                      (11)  
2/3SiC(s)  + O2(g) =  2/3SiO2(s) + 2/3CO(g)  (273–1996 K)   
2/3SiC(s)  + O2(g) =  2/3SiO2(l) + 2/3CO(g)    (1996–2503 K)                                                                        (12)     
2/3SiC(l)  + O2(g) = 2/3SiO2(g) + 2/3CO(g)  (3103–3300 K)   
1/2SiC(s)  + O2(g) =  1/2SiO2(s) + 1/2CO2(g)  (273–1996 K)   
1/2SiC(s)  + O2(g) =  1/2SiO2(l) + 1/2CO2(g)  (1996–2503 K)                                                                    (13)     
1/2SiC(l)  + O2(g) = 1/2SiO2(g) + 1/2CO2(g)  (3103–3300 K)   
SiC(s)  + O2(g) = SiO( g) + CO(g)  (273–3300 K)                                                                                  (14 )     
2/3SiC(s)  + O2(g) =  2/3SiO( g) + CO2(g)  (273–3300 K)                                                                      (15)     
2/3SiC(s)  + O2(g) =  1/3Si2O2(g) +  2/3CO2(g)  (273–3300 K)                                                                  (16)     
SiC(s)  + O2(g) =  1/2Si2O2(g)  + CO(g)  (273–3300 K)                                                                       (17 )     
   Sub limati on  and    catalytic     oxidati on  of   sil icon    dioxide   
SiO2(l) =  SiO2(g)  (1996–3300 K)                                                                                                          (18)    
1/3SiO2(l) + C( s) = 2/3SiC(s)  + CO(g)  (1996–2503 K)   
1/3SiO2(g) + C( s) = 2/3SiC(s) + CO(g)  (2503–3103 K)                                                                        (19)     
1/3SiO2(g) + C(s) = 2/3SiC(l)  + CO(g)  (3103–3300 K)   
1/2SiO2(l) + C( s) = 1/2SiC(s)  + 1/2CO2(g)  (1996–2503 K)   
1/2SiO2(g) + C( s) = 1/2SiC(s) + 1/2CO2(g)  (2503–3103 K)                                                                      (20)     
1/2SiO2(g) + C( s) = 1/2SiC(l) + 1/2CO2(g)  (3103–3300 K)   
SiO2(l) +  CO(g) = S iO(g) + CO2(g)  (1996–3300 K)                                                                                (21)     
2SiO2(l) + SiC(s) = 3SiO (g) +  CO(g)    (1996–3103 K)           
                                                                                                                                                           (22)     
2SiO2(l) + SiC(l) =  3SiO(g) + CO(g)    (3103–3300 K)   
   Sub limati on  and    oxidati on    of   sil icon   
Si(s)  =  Si( g)    (1687–3300  K)                                                                                                           (23)     
Si(s)  +  O2(g) = SiO2(s)    (273–1996  K)                                                                                         (24 )      
         
         (24 ) 2Si(g) + O2(g) = 2SiO (g)  (3173–3300 K)                                   
Si( g) + SiO2(l) =  2SiO(g)    (1996–3300 K)                                     
in Table 1, the higher the density, the lower the ablation rate;
the lower the ablation temperature and less time, the lower
the ablation rate, and the ablation rate of C/SiC composites
by oxyacetylene torch under abundant oxygen environ-
ment was higher obviously than that under free oxygen
environment.                                    (25)    
                                       (26 )      
3.  Microstructure  and  ablation  mechanism
of SiC  matrixAs a result of the different temperature and pressure at
different ablation regions, the microstructure and ablation
j m a t e r r e s t e c h n o l . 2 0 1 6;5(2):170–182 175
Fig. 7 – SEM morphologies of the surface areas for the ablated C/SiC composite: (a and b) the ablated pit areas in the center
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Fig. 8 – Ablation morphology of center region underegion [36].
echanism of SiC matrix will have big differences. In the
eantime, the ablation morphologies are also changed with
he change of preparation methods and the gas ﬂow, etc. The
hemical reactions are extremely complex in the process of
blation. All of the following reactions possibly proceeded in
able 2 under the oxyacetylene ﬂame temperature [26,42,43].
In the center ablation region, ablation is the severest, due
o the highest temperature and pressure. Fig. 7 shows the
icrostructures of the surface areas for the ablated C/SiC
omposites in the center region. For Fig. 7(a), only bare ﬁber
undles and the exposed pores existed, and there were no
xide layers covering the surface of the pit. Moreover, micro-
racks were produced due to the severe thermal shock during
esting. Some micropores could be seen in Fig. 7(b), and the
ormation mechanism of these micropores was a combina-
ive effect containing the expansion of gases inside the closed
ores and the high-speed oxyacetylene torch [19]. Since oxy-
cetylene torch armed at center ablation region, material
urface had the highest temperature (above 3000 ◦C), and SiC
as in a state of sublimation (the sublimation of SiC temper-
ture is 2700 ◦C (Eq. (8)). At the beginning, ﬁrst, part of SiC
atrix was sublimated. With the start of active oxidation of
iC, some SiO gas was formed directly instead of protective
iO2 (Eqs. (14), (15), and (22)), and the formed silica was also
aken away under the high-speed ﬂow scouring. In addition,
ince vapor pressure of SiO2 was about 7 kPa at 1900 ◦C [44],
he liquid SiO2 transferred to gaseous product during the pro-
ess of ablation [45]. The ﬂowing gas above sample surface
enovated quickly under high-speed ablation gases; therefore,
iquid SiO2 could not ﬁll the holes and the naked ﬁbers were
ound. So, in the center region, the main ablation behavior
as sublimation of SiC and thermal physical evaporation of
iO2. Although a thermo-chemical reaction was one of the
blation reactions in ablation center region, thermo-physical
nd thermo-mechanical reactions by ﬂame seemed to be more
mportant during ablation process [46].
If the ablation condition is changed, the microstructure of
he ablated composites will have a big difference. Wei et al. [24]
ad compared the ablation behavior of C/SiC composites by
xyacetylene torch under oxygen free environment and abun-
ant oxygen environment. Fig. 8 was ablation morphology of
enter region under abundant oxygen environment. It had aabundant oxygen environment [24].
big difference from the above phenomenon because the oxy-
gen was sufﬁcient in the process of ablation, and the ablation
parameters could be seen in Table 1 No. 2. The surface was
covered by SiO2 ﬁlm with no bare ﬁber discovered. Pores were
also observed on the surface of ﬁlm. Due to the abundant oxy-
gen environment, SiC matrix was oxidized to SiO2. SiO2 could
sequentially react to form a gas (Eqs. (21) and (22)) and also
directly gasify (SiO2 boiling point 2230 ◦C) (Eq. (18)). During
the ablation procedure, the formation of the oxide layer was a
dynamic equilibrium process [41]. On the one hand, the oxide
covering the surface was blown away by the high-velocity gas,
and on the other hand, the new oxide would be formed by
the oxidation of the inner matrix. In this region, the genera-
tion rate of oxide was higher than the denudation rate. Then
the surface of the composites was completely covered by SiO2
with pores. So, under abundant oxygen environment, ablation
mechanisms mainly were oxidation erosion in center ablation
region [24].Fan et al. [41] had shown ablation morphology of transition
region and border oxidation region after ablation as shown
in Fig. 9. This result was similar to Fang et al. [20] reported
176  j m a t e r r e s t e c h n o l . 2 0 1 6;5(2):170–182
a b
50μm 50 μm
Fig. 9 – Ablation morphologies of C/SiC composites prepared by CVI: (a) the transition region and (b) the border oxidation
region after ablation [41].
before. In the transition region, oxyacetylene torch testing
annealed at comparatively lower temperature and pressure
than center ablation region and led to the mild oxidation. For
Fig. 9(a), the scour traces was obvious on the surface owing
to the mechanical erosion. Parts of SiC were oxidized forming
SiO2 layer, which occurred in the reactions (12) and (13). The
SiO2 not only protected the inter-bundle pores on the erosion
surface from further attack by the thermal oxidizing atmo-
sphere, but also acted as a barrier to oxygen diffusion due to
its low oxygen permeability, leading to the homogeneous ero-
sion [26]. Fig. 9(b) was the border oxidation region, which was
the farthest from the ablation center. In this region, the abla-
tion degree was the lightest. The cellular structure of initial
SiC coating was clearly seen, and some white and spheri-
cal SiO2 particles formed rice-like shapes on the surface of
the aggregates of SiC. The SiO2 particles were generated from
the oxidation of Si and SiO steam that was blown away by
the oxyacetylene ﬂame from the center region in accordance
with reactions (9), (14), (21) and (22). When Si and SiO steam
was oxidized, high-melting-point silica would be absorbed
by the outer region, which had a relatively low temperature.
According to the gas dynamics [47], the condensation of the
vapor would occur when the supersaturation degree reached
the critical values. The relation between supersaturation and
nucleus size obeys the Gibbs–Thomson law [48]:
a
10μm
b
Fig. 10 – Ablation morphologies of C/SiC composites prepared by
region after ablation [19].B = 1[
ln
(
1

)] (27)
Eq. (27) predicts that as the supersaturation of reactant
 increases, the nucleus size B increases exponentially. As
analyzed above, thermo-mechanical attacks and thermo-
chemical reactions are the ablation mechanism in transition
region, however, thermo-chemical reaction is the only ablation
mechanism in border oxidation region.
However, the microstructures of the ablated composites
were different with the change of preparation methods. Yan
et al. [19] had reported other ablation morphologies of three-
dimensional orthogonal C/SiC composites in transition region
and border oxidation region as shown in Fig. 10, which was sig-
niﬁcantly different from the above discussed. It was because
the preparation methods of C/SiC composites were different.
It could be seen from Fig. 10(a) that the surface SiC matrix was
cataclastic shapes with a particle size less than 10 m. Parts
of SiC particles were oxidized into the SiO2. It was attributed
to the mechanical erosion by high speed oxyacetylene torch
to smash the SiC particles in a short time [19]. Fig. 10(b) shows
SEM micrographs of the border oxidation region. The surface
of this region contained three zones, e.g., zone I where the
ﬁbers were perpendicular to the surface, zone II where ﬁbers
were parallel to the surface and zone III where there was SiC
I
II
III
20μm
 PIP: (a) the transition region and (b) the border oxidation
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Table 3 – The linear expansion coefﬁcient of silicon carbide [44,52].
Temperature (K) 293 373 473 573 673 773 873
Linear expansion coefﬁcient  ˛ × 10−6 (K) 3.5 3.7 4.1 4.4 4.6 4.9 5.1
1273 1473 1673 1873 2073
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Fig. 12 – The linear expansion coefﬁcient of graphite andTemperature (K) 973 1073 
Linear expansion coefﬁcient  ˛ × 10−6 (K) 5.3 5.6
oating. In zone I, the surface was covered uniformly by spher-
cal SiC grains. In zone II, SiC particles agglomerated to form
 strip structure along the ﬁber direction, and the strips were
early 5–10 m wide and 100 m long (Fig. 10(b)). Because of
oor wettability between SiC and carbon ﬁbers, recrystallized
iC strips-like were formed [19]. Zone III was SiC matrix among
arbon ﬁber yarns. Non-compactness of SiC matrix in this
one caused pits with size close to 260 × 670 m2. The white
tuff was SiO2 oxidized from SiC. So, in transition ablation
egion, ablation mechanisms mainly are oxidation and erosion
echanism, while in the border ablation region, light oxida-
ion and recrystallization of surface SiC are the main erosion
echanisms.
The reason for the different ablation behavior of C/SiC com-
osites prepared by CVI and PIP was because the SiC matrix
icrostructures were different with the different prepara-
ion methods. From Fig. 9, the deposit prepared by CVI was
omposed of a large number of spherical particles with a
loud-cluster shape. Among these particles, aggregation and
usion were also observed. While after the process of PIP, the
icrostructures of the ablated composites were totally differ-
nt, as shown in Fig. 10. The SiC particles were unordered and
ad cataclastic shapes, which were typical matrix morphology
fter precursor inﬁltration and pyrolysis process. If the den-
ity is the same, the microstructure was different obviously,
ut the ablation behavior included linear ablation rate and
ass ablation rate that were almost similar, which could be
nalyzed in Table 1.
Fig. 11 has shown some cracks on the surface of the SiC
atrix in the border oxidation region [18]. The formation
echanism of the surface cracks was the CET (coefﬁcient
f thermal expansion) mismatch (perpendicular to the ﬁber
irection) between the SiC matrix and the carbon ﬁbers
ig. 11 – SEM morphologies of some cracks in the border
xidation region [18].SiC changing with the temperature.
[49–51]. Linear expansion coefﬁcients of silicon carbide and
graphite are displayed in Tables 3 and 4, respectively [44,52].
Fig. 12 intuitively illustrated both of the linear expansion
coefﬁcients changing with the temperature. It showed that
the CTE of graphite (˛c) was larger than that of silicon car-
bide (˛s), which led to residual stress perpendicular to the ﬁber
directions in the process of heating and cooling. According to
Gouadec et al. [53], the residual stress () can be estimated by
the following formula:
 = (˛m − ˛f )(T)
EmEf
Em + Ef
(28)
where ˛m and ˛f are the CTE of SiC matrix and C ﬁber in the
perpendicular ﬁber direction, T is the difference between
the processing temperature and the room temperature, and
Em and Ef are the Young’s moduli of SiC matrix and C ﬁber,
respectively.
In Fig. 11, both sides of the crack were SiO2, which indicated
that thermal oxygen had invaded into the cracks and induced
the oxidation of the matrix. SiC matrix was oxidized forming
SiO2 with little volume expansion [19]. It was beneﬁcial for
improving the matching of the thermal expansion coefﬁcient
between matrix and ﬁbers or for reducing the porosity and is
beneﬁcial for oxidation inhibition [18].
4.  Microstructure  and  ablation  mechanism
of C ﬁbersAs shown in Fig. 13(a), the ﬁbers were severely corroded into
needle shape, and there was no matrix remaining among
ﬁbers in the center ablation region, which indicated that
the C ﬁber ablation behavior was different with oxidation
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Table 4 – The linear expansion coefﬁcient of graphite [44,52].
Temperature (K) 300 350 400 500 600
Linear expansion coefﬁcient  ˛ × 10−6 (K) 8.8 8.9 9.0 9.2 9.4
Temperature (K) 700 
Linear expansion coefﬁcient  ˛ × 10−6 (K) 9.7 
behavior signiﬁcantly [24]. Chen et al. [17] had also observed
the naked ﬁbers formed in ablation center. During the ablation
process, the end parts of the carbon ﬁbers were tapered [54].
During the oxidation process, the end parts of the carbon ﬁbers
were ﬂat-bottomed [55,56]. In general, ablation phenomenon
of C ﬁbers is a combination of oxidation and erosion factors
from high temperature, pressure, and velocity of oxyacety-
lene ﬂame. Fan et al. [41] had reported two kinds of carbon
ﬁbers with different shapes existing in the center region after
ablation. Some carbon ﬁbers were oxidized to a needled-liked
shape, while the other carbon ﬁbers were directly sheared by
the ﬂame presenting a ﬂat fracture surface. However, in the
transition region, SiC matrix was not sublimated completely
and still some SiC existed in the samples which coated the C
ﬁber as shown in Fig. 13(b). The white material coated matrix
was SiO2, which was formed according to reactions (12) and
(13). Due to the protection of SiC matrix and SiO2 layer, C ﬁber
did not receive serious thermo-mechanical attack.
For Fig. 13, the SiC matrix had decomposed completely.
On the one hand, the latent heat of SiC sublimation is
19.825 MJ/kg, while the C ﬁber is 59.75 MJ/kg, which is three
times of the latent heat of SiC sublimation [57,58], and on
the other hand, the sublimation temperature of SiC matrix
is 2700 ◦C, while that of carbon ﬁber is 3550 ◦C which is higher
than that of SiC [59]. Therefore, C ﬁber is in the state of incom-
plete sublimation. Due to the above factors, the ablation rate of
SiC matrix is faster than that of C ﬁber under the ablation cir-
cumstance, leading to C ﬁber having better ablation resistance
than SiC matrix. Liu et al. [60] had reported a similar result that
the erosion speed of SiC addition in C/C composites was faster
than that of pyrocarbon when heat ﬂuxes exceeded a certain
value under oxyacetylene torch. Liu et al. [61] also reported
that the oxidation of SiC particles was prior to the oxidation
of carbon during the ablation. Although carbon has a lower
initial temperature of oxidation than SiC in the view of chem-
ical thermodynamics, the oxidation of the composites during
a Centre region a
Fibers
Fig. 13 – Morphologies of C/SiC composites: (a) center 800 1000 1200 –
9.9 10.4 10.8 –
ablation is determined by the rates of reactions (2)–(17) as the
surface temperature rose rapidly to higher than 1700 ◦C. In this
case, in the center region, the ablation mechanisms of C ﬁbers
mainly are thermo-physical and thermo-mechanical erosion.
Due to the different ablation conditions, the micro-
structures of C ﬁbers were different. Yan et al. [19] reported
the morphologies of C ﬁbers in ablation transition region as
shown in Fig. 14. Fig. 14(a) shows that the carbon ﬁbers were
perpendicular to the surface in transition region. Due to its
poorer oxidation resistance than SiC, the carbon ﬁbers per-
pendicular to the surface of ablation were eroded, forming the
depression structure comparing with the matrix. In Fig. 14(b),
the carbon ﬁbers were parallel to the surface in outer abla-
tion region and the ﬁbers were oxidized into several parts. The
lower temperature led to the mild oxidation in this region and
the CTE mismatch between the ﬁbers and the SiC matrix led
to the fracture of ﬁbers. So, the thermo-chemical erosion is the
main ablation mechanism of C ﬁbers in the transition region.
5.  Ablation  physical  model
Fig. 15 is the ablation physical model at the ablation center.
Fig. 15(a) is the structure drawing of C/SiC composites before
ablation. For the high thermal conductivity of carbon ﬁbers,
heat quantity in the front of the ﬁbers quickly transferred
down the longitudinal direction of the carbon ﬁbers [52,62], in
addition, the SiC matrix ablation rate was greater than that of
C ﬁber in this region, resulting in C ﬁber constantly exposed to
the thermal erosion environment. In the ablation process, the
interface between C ﬁber and SiC matrix would form vortex, as
shown in Fig. 15(b), where the heat would be gathered, which
speeded up the ablation process. As time goes, the front of C
ﬁber exposed to thermal erosion environment lasted longer
than that in the end, leading to the front of C ﬁber becom-
ing more  and more  sharp, and the end was relatively coarse.
 Transition region
Fibers
Sic matrix
region and (b) transition region after ablation [24].
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Fig. 14 – Morphologies of transition region: (a) ﬁbers were  perpendicular to the surface and (b) ﬁbers were  parallel to the
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ecause of the high thermal conductivity of carbon ﬁber and
he difference of the sublimation velocity in adjacent ends,
 needle-like microstructure was formed. Sublimating abla-
ion, a kind of thermo-physical attack, was the main ablation
ehavior in the center region.
As discussed above, for C/SiC composites, the ablation
nder oxyacetylene torch should be a complex process, which
ainly consisted of oxidation, evaporation, mechanical ero-
ion and perhaps some thermal decomposition. In fact, the
hermal decomposition of SiC and evaporation of SiO2 con-
inue to adsorb a signiﬁcant amount of heat by virtue of
ndothermic processes. Although the ablation morphologies
re different with the different preparation methods, the abla-
ion mechanisms are almost the same. The ablation schematic
iagram of C/SiC composites is shown in Fig. 16. It can be seen
hat there are three ablation regions (“I”, “II” and “III”) and
he heat ﬂow direction is from center region to outside region,
Ablation before 
SiC m
atrix
SiC m
atrix
C fiber
a 
Fig. 15 – Ablation physical mowhich leads to the temperature of center region being high-
est and the border oxidation region being lowest. In the center
region “I”, SiC matrix sublimit completely, presenting as bare
needle shape C ﬁbers, which shows the process of ablation in
Fig. 15. In the transition region “II”, SiC matrix is oxidized to
SiO2 ﬁlm. The oxide layer attaches on the matrix, which pre-
vents oxygen from contacting the inner materials directly [63].
In the border oxidation region “III”, Si and SiO steam is oxi-
dized to SiO2, which comes from the center region. After the
consumption of SiC matrix, C ﬁbers start to be oxidized to CO
and CO2. As a result, all the gaseous products resulting from
oxidation and high temperature lead to high mass loss rate
and linear recession rate [64]. Based on the above analyses, it
can be found that the main ablation mechanism in “I” region
is thermo-physical and thermo-mechanical attacks, while in
“II” and “III” thermo-chemical reactions, it is more important
during ablation.
Ablation process
Vortex
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C(g) CO2SiO,
SiO2 SiC(G)
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6.  Conclusion
In this paper, different ablation properties of C/SiC composites
were compared thoroughly, in addition the ablation mecha-
nisms were summarized adequately. The conclusions can be
drawn as follows.
(1) The ablated surface of C/SiC composites can be divided
into three regions from center to external after oxyacety-
lene torch testing.
(2) In general, the higher the density, the lower the ablation
rate; the lower the ablation temperature and less time, the
lower the ablation rate, and that the preparation methods
also have a great inﬂuence on the ablation property.
(3) Thermo-physical and thermo-mechanical attacks are the
main ablation behavior in the center region; oxidation is
the main ablation behavior in the transition region and the
border oxidation region. However, under abundant oxygen
environment, ablation mechanisms mainly are oxidation
erosion.
(4) A needle-like microstructure was formed, because of the
high thermal conductivity of carbon ﬁber and the differ-
ence of the sublimation velocity in adjacency ends.
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